Forty-two piglets on days 3 and 12 of age were used to determine the rate of intestinal absorption of iron by the red cell radioiron method and to evaluate the effect of age on intestinal absorption of iron. s9 Fe-labelled ferric citrate in a dose of 1-2 /aci per kilogram weight was administered with carrier ferric citrate in 5% fructose solution by stomach tube after 1-hr fast. Two levels of carrier dose (8 and 24 mg iron) were assigned. After s 9 Fe dosing, all piglets were daily administered ferric citrate of the same level as carrier dose.
INTRODUCTION
The senior author previously demonstrated that iron metabolism in newborn piglets changes rapidly from the fetal to the adult pattern, and prominent signs of iron deficiency such as reduced concentrations of iron in liver and plasma appears at 3 days of age (Furugouri, 1973a (Furugouri, , 1974a . These results suggest that intestinal mechanisms for iron absorption develop rapidly in the neonatal period. Iron absorption from the intestine of piglets has been the subject of many experiments (Matrone et al., 1960; Ullrey et al., 1960; Braude et al., 1962; Hansard et al., 1964a,b; Smithwick et al., 1967; Wegger et al., 1971; Leibetseder and Kment, 1971; Anke et al., 1972) . There is, however, a considerable difference between the figures for the rate of iron absorption reported in the literature.
It is well-known that the physiochemical properties of iron and the size of dose strongly affect the rate of intestinal absorption of iron. It has also been shown that the important intraluminal factors controlling iron absorption are the solubility of the iron salts and the molecular weight of the iron chelates or polymers which are formed with increasing pH in the medium of the intestinal lumen, rather than the valence state of iron (Terato et al., 1973a,b) . Accordingly, ferric citrate (FeC6Hs 1348 JOURNAL OF ANIMAL SCIENCE, Vol. 41, No. 5, 1975 O7"5H20) which remains stable in water at a wide pH range and has a low molecular weight, is a potentially useful chelate promoting iron absorption from intestine. Ullrey (1973) has reported in baby pigs that ferric citrate is a more effective source of supplemental iron than ferrous sulfate. For these reasons, ferric citrate was used in the present study. This study was undertaken to determine the rate of intestinal absorption of iron in the nursing period using the red cell radi0iron (s 9 Fe) method and to evaluate the effect of age on intestinal absorption of iron.
EXPERIMENTAL PROCEDURES
Forty-two piglets from nine litters of Yorkshire, Landrace and crossbred swine were used in this study. They were housed with their dams in indoor farrowing crates. Exogenous iron contamination from surroundings was avoided insofar as possible with an aluminum paint. Crates were cleaned daily. Sows were hand-fed twice daily with water added to the feed. Creep feed was not provided. The diet fed to the sows in the present study has been described previously (Furugouri, 1973 a) . Experiment 1. At 5 days of age, piglets were divided into iron treated (six pigs) and untreated (six pigs) groups. The treated group was given 48 mg of ferric citrate (8 mg iron) per os daily for 7 days. Ferric citrate was dissolved in a 5% fructose solution and 10 ml were administered by stomach tube, and washed down with 10 ml of 5% fructose solution. The untreated group received 20 ml of 5% fructose solution per os daily for the same period. At 12 days of age, s 9 Fe-labelled ferric citrate in a dose of 1.0 to 2.0 gtci per kilogram body weight was administered with carrier ferric citrate (8 mg iron) in 5% fructose solution by stomach tube, in a volume of 10 ml after 1-hr fast. The piglets were allowed to nurse in normal fashion from 2-hr post-dose. After S gFe dosing, all piglets were administered ferric citrate in the same amount as the carrier dose daily for 9 days. Although all procedures were the same as those in experiment 1, the intravenous injected piglets received S gFe labelled plasma via the anterior vena cava as previously described (Furugouri, 1974a) .
Blood samples were obtained from the anterior vena cava at the beginning of the experiment and at 48-hr intervals in experiment 1 and 24-hr intervals in experiment 2. The radioactivity of 1 ml of whole blood was measured in a well-type scintillation counter, compared with dosing standards and results expressed as a percentage of the administered dose. Red cell utilization (RCU) was calculated from the following formula.
RCU (%) = [(Activity of 1 ml of whole blood • Total blood volume x .72)/Total administered radioactivity] X 100 Total circulating S gFe was calculated from the percent dose per milliliter using 9% of body weight for blood volume (Furugouri and Tohara, 1971 )..72 is F cells factor of piglets (Talbot and Swenson, 1970) . Twenty-four hours after the final iron dosing, the animals were killed by exsanguination under ether narcosis. The liver was removed, washed and weighed. Sections were taken from the lobus sinister medialis, and nonheme iron was extracted according to the method of Briickmann and Zondek (1940) . Radioactivity of the nonheine iron was measured as described above. Hemoglobin (Hb), hematocrit (Ht), plasma iron (PI), transferrin (Tf), ceruloplasmin (Cp)and nonheme iron in the liver were determined as previously described (Furugouri, 1972 (Furugouri, , 1973a (Furugouri, ,b, 1974b .
RESULTS AND DISCUSSION
Experiment I. With a 7-day iron trearment before s9 Fe dosing, Hb concentration and PI values were significantly increased, whereas Tf values were suppressed, as compared with those in the untreated group (table 1). The piglets in the untreated group exhibited typical signs of iron deficiency. With a 9-day iron treatment after s 9 Fe dosing, however, the hematological parameters returned to near the level of the treated group. PI and nonheme iron in the liver were almost depleted at the termination of the experiment, regardless of iron treatment. There were no significant differences between groups in Cp and body weight.
The changes with time in iron specific There was no difference between groups in the incorporation rate of S9Fe into red ceils. Specific activity in red cells continued to increase to 6-day post-dose, thereafter remaining near a plateau level. Only minute quantities of s 9 Fe were deposited in nonheme iron in the liver (table 3) . There was no difference in incorporation of s 9 Fe into nonheme iron in the liver between groups.
Experiment 2. Experimental effects on body weight and hematological parameters are shown in table 4. With iron treatment, Hb concentra~ tion and PI values were significantly increased, while Tf values were markedly suppressed, as compared with those in the untreated group. However, no treatment differences were evident between iron treatment groups. Iron treatments had no apparent effect' on body weight and Cp levels throughout the period covered in this study.
Uptake of radioactivity by red cells after s9 Fe dosing is presented in table 5. Incorporation of S9Fe into red cells after intravenous 
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injection increased sharply until 4 days postdosing, thereafter remaining at an approximate plateau level (75%). Uptake of S9Fe by red ceils was markedly lower after ingestion than after intravenous injection. Although the SgFe incorporation rate from the 24 mg oral dose was markedly depressed as compared with the 8 mg oral dose, the curve of s 9 Fe incorporation into red cells was similar to that of the 8 mg oral dose. The iron incorporated from the 24 mg dose was about half that for the 8 mg dose. In the untreated group, nonheme iron in the liver was almost depleted at the termination of the experiment, whereas with the iron treatment, it increased markedly, with a significant difference between dosage levels of iron (table  6) . With increased dosage, the amount of s 9 Fe in nonheme iron in the liver was markedly increased. Little radioiron was detected in red cells of the untreated animals.
Discussion
It has been shown that 70 to 85% of iron present in plasma is used for red cell production within 2 weeks in normal subjects (Bothwell and Finch, 1962) . In nursing piglets, however, radioiron incorporation into red cells after the intravenous injection of S gFe labelled plasma increased rapidly with plateau concentrations Ferric citrate admlmstered orally daily from 3 to 8 days of age.
b59 Fe-ferric citrate in a dose of 1 to 2 gci per kilogram body weight administered with carrier iron of the same level as oral dose by stomach tube at 3 days of age.
CMean • SE.
d'e'fvalues on the same line without a common superscript were significantly (P<.05) different. aFerric citrate administered orally daily from 3 to 8 days of age.
bs9 Fe-ferric citrate in a dose of I to 2 jaci per kilogram body weight administered with carrier iron of the same level as oral dose by stomach tube at 3 days of age.
CMean +-SE. dvalues on the same line were significantly (P<.01) different from each other.
after about 4 days, suggesting ready transfer to Hb synthesis. Furthermore, uptake of S gFe into red ceils from the ingested dose reached a plateau level 6-days post-dose. Only a small amount of s 9 Fe was detected in nonheme iron in the liver of the piglets receiving 8 mg iron per os daily. These facts indicate that the estimation of iron absorption in the nursing piglets by measurements of uptake of s 9 Fe by red cells is satisfactory for quantitative determinations and that utilization efficiency of dosed iron for red cells is remarkably high in the nursing period.
In the study reported here, daily oral doses of 8 mg of iron maintained normal Hb levels, but nonheme iron in the liver was very low. This is consistent with the results of a previous study which estimated that the daily iron requirement of a nursing pig for total circulating Hb is 7 to 10 mg (Furugouri, 1973c) . However, the red cell utilization of ingested iron by the nursing piglets, dosed with a minimum level of iron, ranged broadly from 44 to 85%, a 193% difference. This value is somewhat higher than that of Matrone et al. b59 Fe-ferric citrate in a dose of 1 to 2 #ci per kilogram body weight administered with carrier iron of the same level as oral dose by stomach tube at 3 days of age.
CExpressed on a fresh organ basis. dMean + SE.
e'fvalues on the same line without a common superscript were significantly (P<.05) different.
g'h'ivalues on the same line without a common superscript were significantly (P<.01) different.
(1960) who reported that utilization of the iron at 60 mg iron/kg solid in a diet (minimum requirement of dietary iron) was approximately 30%. The reason for this discrepancy may be due to the difference in iron salts tested and their method of administration.
It has been shown that the most important physiologic factors related to variations in iron absorption are total body iron stores and the rate of erythropoiesis (Bothwell et al., 1958) . It has been also reported in rat that the regression equation of Hb values (Xg/100 ml) on percentage of iron absorption (Y) is Y = 10895X -2-s 79 (Yoshino et al., 1971) . In the present study, however, iron depletion did not enhance the percentage absorption of s 9 Fe from intestine significantly over that of the group receiving 8 mg iron per os daily. This observation is in agreement with the results of Matrone et al. (1960) who demonstrated that depletion of the iron stores of the pigs prior to initiation of the iron treatments did not enhance iron utilization. Since it was previously established that erythropoiesis in the nursing pigs is very active (Furugouri, 1974a) , this fact may be due to the enhancement of iron absorption resulting from great physiological iron need for extremely rapid growth in either the treated or untreated groups. There was, however, a small amount of nonheme iron in the liver even when the anemia was severe. Matrone et al. (1960) have also reported in piglets that there is a minimum iron need required by the tissues.
Although hematological parameters did not change with the level of iron dose, nonheme iron in the liver was markedly increased with the elevated dose. This indicates that the incorporation of iron into Hb has preference over the accumulation of nonheme iron in the liver. Accordingly, it seems likely that uptake of s 9 Fe by red cells is scaled down in parallel with an increase in nonheme iron depots in the body after iron demand for heme synthesis is satisfied. However, assuming that iron stores in the liver consists of one-third of total iron stores in body (Bothwell and Finch, 1962) , the rote of intestinal absorption of iron by the piglets administered the elevated level of iron is near the level of those receiving 8 mg per os daily. Thus, it seems likely that iron absorption from the intestine of the nursing pigs is not largely affected by the elevated dose. Additionally, considering the rate of iron absorption in gastrointestinal tract and any need to store iron in the liver, the daily iron requirement for ingested iron will be 24 mg or so.
Since there is little significant difference in the rate of iron absorption in piglets on days 3 and 12 of age, it seems likely that the intestinal functions relative to iron absorption develop rapidly in the neonatal period. Forbes and Reina (1972) have reported in young rats that iron absorption in the infantile phase is virtually complete, whereas at around 21 to 23 days of age the tract rapidly acquires the ability to reject more of the dietary iron. They suggest that the age-dependent effect may be due to the loss, by the intestine, of pinocytotic capacity at around 18 days. It has been reported that over half of the small intestine of newborn piglets nursed normally has diminished pinocytotic activity by 1.5 clays of age (Lecce, 1973) . Additionally, proximal segments of the small intestine in the newborn pigs have a high absorptive activity for iron (K. Furugouri, unpublished data). Thus, it is possible that this maturation process influencing iron absorption may develop immediately after piglets have consumed colostrum.
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